From a forward genetic screen for epidermal defects in zebrafish, we identified a loss-offunction mutation in Kindlin-1, an essential regulator of integrin function. The mutation generates a premature stop codon, deleting the integrin-binding site. The mutant zebrafish develop cell-matrix and cell-cell adhesion defects in the basal epidermis leading to progressive fin rupturing, and was therefore designated rupturing-of-fins (rof). Similar defects were observed in the epidermis of Kindler syndrome patients, carrying a loss-of-function mutation in kindlin-1. Mutational analysis and rescue experiments in zebrafish revealed that residues K610, W612, and I647 in the F3 domain are essential for Kindlin-1 function in vivo, and that Kindlin-2 can functionally compensate for the loss of Kindlin-1. The fin phenotype of rof/kindlin-1 mutants resembles that of badfin mutants, carrying a mutation in Integrin α3. We show here that this mutation impairs the biosynthesis of Integrin α3β1, and causes cell-matrix and cell-cell defects in vivo. Whereas both Integrin-linked kinase and Kindlin-1 cooperate with Integrin α3β1 to resist trauma-induced epidermal defects, Kindlin-1 and Ilk surprisingly do not act synergistically but in parallel. Thus, the rof/kindlin-1 mutant zebrafish provides a unique model system to study epidermal adhesion mechanisms in vivo.
abstRAct
From a forward genetic screen for epidermal defects in zebrafish, we identified a loss-offunction mutation in Kindlin-1, an essential regulator of integrin function. The mutation generates a premature stop codon, deleting the integrin-binding site. The mutant zebrafish develop cell-matrix and cell-cell adhesion defects in the basal epidermis leading to progressive fin rupturing, and was therefore designated rupturing-of-fins (rof). Similar defects were observed in the epidermis of Kindler syndrome patients, carrying a loss-of-function mutation in kindlin-1. Mutational analysis and rescue experiments in zebrafish revealed that residues K610, W612, and I647 in the F3 domain are essential for Kindlin-1 function in vivo, and that Kindlin-2 can functionally compensate for the loss of Kindlin-1. The fin phenotype of rof/kindlin-1 mutants resembles that of badfin mutants, carrying a mutation in Integrin α3. We show here that this mutation impairs the biosynthesis of Integrin α3β1, and causes cell-matrix and cell-cell defects in vivo. Whereas both Integrin-linked kinase and Kindlin-1 cooperate with Integrin α3β1 to resist trauma-induced epidermal defects, Kindlin-1 and Ilk surprisingly do not act synergistically but in parallel. Thus, the rof/kindlin-1 mutant zebrafish provides a unique model system to study epidermal adhesion mechanisms in vivo.
IntRoDUctIon
Integrins are αβ heterodimeric transmembrane receptors that connect the extracellular matrix to the cytoskeleton. Ligand binding triggers integrin clustering and the recruitment of a variety of signaling, structural, and adaptor proteins, leading to the formation of multi-protein adhesion complexes (1) . In the skin, the main integrin-based complex that mediates adhesion of the epidermis to the underlying basement membrane (BM) is the hemidesmosome (HD). HDs are assembled by the laminin (Ln)-binding integrin α6β4 and consist further of plectin, CD151, and the bullous pemphigoid antigens 180 and 230 (2) . While the binding to intermediate filaments provides for the mechanical stability of the HD-BM connection, the BM is anchored to the dermis by anchoring fibrils, consisting of collagen (Col)-VII. A defect in any of these components leads to skin blistering, as illustrated by a variety of mouse models and a group of human bullous disorders classified as epidermolysis bullosa (EB) (3) .
In contrast to α6β4, β1-containing integrins connect to the actin cytoskeleton, and assemble adhesion structures designated focal adhesions (FAs). The predominant β1-integrin in the epidermis is α3β1, which is involved in epidermal adhesion, BM organization, and stem cell maintenance (4) (5) (6) (7) . Consequently, mice that lack the α3 or the β1 subunit in the epidermis, in addition to human patients that carry mutations in the ITGA3 gene encoding α3, develop BM abnormalities and skin blisters though the blistering is less severe than in the absence of α6β4, because adhesion to the BM is partially rescued by HDs (8) (9) (10) (11) (12) . The abnormalities caused by loss of α3β1 are partially recapitulated in mice that lack the FA protein integrin-linked kinase (ILK), and Studying epidermal adhesion in vivo by the human disease Kindler syndrome (KS), a congenital disorder characterized by trauma-induced skin fragility and blistering, photosensitivity, and poikiloderma (13) (14) (15) (16) . A subset of KS patients also suffers from lesions in the gastro-intestinal tract (17, 18) . KS is caused by mutations in the KIND1 gene, encoding the protein kindlin-1 that is highly expressed in epithelia, predominantly in the skin and the intestine (17) (18) (19) (20) . The kindlins are essential regulators of integrin function that contain a four-point-one/ezrin/radixin/ moesin (FERM) domain, consisting of subdomains F0-F3, with a pleckstrin homology (PH) domain inserted into F2. While the PH domain regulates the recruitment to the plasma membrane, the kindlins bind directly to the cytoplasmic tail of integrin β-subunits through their C-terminal F3 region (21, 22) .
In this study, we identified a zebrafish Kindlin-1 loss-of-function mutant that lacks the F3 region, and develops mechanical trauma-induced epidermal fragility and fin rupturing during embryonic development. The zebrafish epidermis consists of a basal layer (the basal epidermis), surrounded by the periderm. During early embryonic development, adhesion of the basal epidermis to the underlying BM is mediated by Integrin α3β1 binding to Ln-511, whereas HD assembly starts not until 5 to 6 days after fertilization (23) (24) (25) (26) . Therefore, zebrafish embryos constitute a unique model sytem to study β1-integrindependent phenomena in vivo in the absence of HDs. Here, we study the regulation of adhesion in the developing epidermis in zebrafish, with specific focus on Integrin α3β1, Kindlin-1, and Ilk.
ResUlts anD DIscUssIon
a loss-of-function mutation in Kindlin-1 causes epidermal fragility and progressive fin rupturing in zebrafish From a forward genetic screen in zebrafish for epidermal defects during embryonic development, we isolated a mutant (hu8654) which developed epidermal fragility at 2 days post-fertilization (dpf) ( Figure 1A ). The mutant was designated rupturing-of-fins (rof), because progressive rupturing of the medial fins occurred at later stages of development, eventually resulting in their complete loss ( Figure  1B ). The rof mutant embryos are not viable, and die around 10 dpf. Meiotic mapping positioned the causal mutation on chromosome 20, close to marker z22041 ( Figure  1C) . One of the genes within the corresponding genomic interval is kindlin-1 (FERMT1, LOC100332544), which encodes Kindlin-1, the zebrafish orthologue of human kindlin-1. Whole-mount in situ hybridization in wild-type embryos revealed kindlin-1 mRNA expression at the medial and pectoral fin folds, the branchial arches, and in the intestinal epithelium ( Figure 1D ). Next, we depleted kindlin-1 mRNA levels in wild-type embryos using a morpholino targeting the translation start-site or splice-site. Both approaches recapitulated the epidermal fragility and fin rupturing of rof mutants, indicating that the rof phenotype is likely due to a mutation in kindlin-1 ( Figure 1E ; Table  S1 ). Sequencing the kindlin-1 cDNA of rof mutants revealed a G>T mutation in exon 13 of the kindlin-1 coding region, which is predicted to introduce a premature stop codon at amino acid residue E565 ( Figure  1F ). Due to a lack of available antibodies that recognize zebrafish Kindlin-1, we could not determine whether the mutation affects protein expression. However, the stop codon does not affect the stability of the transcript, because kindlin-1 mRNA expression in rof/kindlin-1 mutants was equal to that in wild-type embryos ( Figure 1G ). We therefore assume that the mutation causes the expression of a truncated Kindlin-1 protein (Kindlin-1 del565 ) that lacks the C-terminal 96 amino acids, which comprise almost the entire F3 domain ( Figure 1H ). Of note, a mutation in KIND1 that introduces a premature stop codon has been identified in a KS patient, which leads to the expression of a nonfunctional protein product lacking 145 amino acids at the C-terminus (27) . Injection of kindlin-1 G1693T RNA, encoding the putative truncated Kindlin-1 del565 mutant, did not induce developmental defects in wild-type embryos (Table S2) , excluding the possibility that the rof/kindlin-1 phenotype is caused by dominant-negative effects. Expression of full-length Kindlin-1 but not Kindlin-1 del565 in rof/kindlin-1 mutants rescued the epidermal fragility and fin rupturing completely ( Figure 1I ; Table S2 ). In addition, human kindlin-1 also rescued the epidermal defects ( Figure 1I ; Table S2 ), in line with the high sequence conservation between human kindlin-1 and zebrafish Kindlin-1 (approximately 70%; Figure S1 ).
The F3 domain of kindlins contains the integrin-binding site, and overexpression studies in cultured cells indicate that amino acids K610, W612, and I647 in kindlin-1 are crucial for the interaction with β1 and its recruitment to FAs (28) . These residues are conserved in zebrafish Kindlin-1, and are lost in the putative Kindlin-1 del565 mutant ( Figure S1 ). To study the importance of the 3 residues in vivo, we replaced them for alanines, either individually or in combination, and performed reconstitution experiments in rof/ kindlin-1 embryos. Intriguingly, the WI/ AA and either single point-mutant completely rescued the phenotype, whereas the KI/AA and KW/AA mutants induced only partial rescue and the KWI/AAA mutant did not rescue at all ( Figure 1I ; Table S2 ), indicating that K610, together with either W612 or I647, is required for kindlin-1 function in vivo.
loss-of-function mutations in kindlin-1 cause cell-matrix and cell-cell defects in the basal epidermis of zebrafish and in
Ks patients
To examine the epidermal abnormalities in rof/kindlin-1 mutants in more detail, we performed transmission electron microscopy on embryos at 2 dpf. Compared to wild-type embryos, the basal epidermis of rof/kindlin-1 mutants was severely malformed, and microblisters were observed between the basal epidermis and the BM ( Figure 2A , upper and lower panels). Interestingly, we also observed gaps between cells in the basal epidermis, suggesting defects in cell-cell adhesion ( Figure 2A , middle panel). We therefore investigated the formation of cell-cell contacts by immunostaining of E-cadherin in wholemounts of wild-type and rof/kindlin-1 embryos, which was visualized by confocal microscopy. Compared to wild-type embryos, E-cadherin appeared more diffusely distributed in basal epidermal cells in rof/kindlin-1 mutants, and a large fraction appeared to be localized in vesicles, which is probably due to increased cell-cell contact dissociation leading to E-cadherin internalization ( Figure 2B ). Because the E-cadherin/β-catenin complex plays a critical role in the assembly of the cortical actin cytoskeleton, we also stained embryos with phalloidin to visualize filamentous actin (F-actin), using p63 as a counterstaining to identify basal epidermal cells.
Studying epidermal adhesion in vivo
In rof/kindlin-1 embryos, cortical F-actin appeared both less abundant and less organized in the basal epidermis but not in the periderm, in line with the aberrant organization of cell-cell contacts ( Figure 2C ). We next investigated whether lossof-function mutations in kindlin-1 also cause defects in the organization of cellcell contacts in human epidermis. Therefore, we examined biopsies of two KS patients from Italy, a male homozygous for mutation c.1161delA, and a male homozygous for mutation IVS7-1G>A (29) . Immunolabeling of Ln-332 revealed BM abnormalities, including blisters and interrupted or increased BM deposition, typical of KS ( Figure 3 ). Intriguingly, E-cadherin was hardly detected at the lateral cell membranes in basal keratinocytes in the two KS patients, suggesting a loss of cell-cell contacts, whereas its localization in the suprabasal layers of the epidermis appeared normal ( Figure 3 ).
The badfin mutation disrupts Integrin α3β1 biosynthesis and causes cell-matrix and cell-cell adhesion defects in the basal epidermis of zebrafish In a previous screen for epidermal defects, a missense mutation was identified in itga3, the gene encoding the Integrin α3 subunit in zebrafish, causing defects in fin morphogenesis for which the mutant was designated badfin (bdf) (23) . The mutation leads to the substitution of serine 427 for proline, and the corresponding residue in the human α3 sequence is serine 433 (S433) (Figures 4A,S2 ). S433 is located in the β-propeller region, as shown by homology modeling based on the crystal structure of α5β1 ( Figure 4B ) (30) . The β-propeller contains seven β-sheets formed by FG-GAP repeats ( Figure 4C ), which are strongly conserved among integrin α-subunits and across species, and the region is pivotal for proper protein folding of integrin α-subunits. To investigate the effects of S433P substitution on α3 biosynthesis, we introduced the mutation in human α3 cDNA, and stably expressed either wild-type α3 wt or mutant α3 S433P in α3-deficient murine MKα3 -keratinocytes (10). We first analyzed the expression of precursor and mature α3 by Western blotting. Like most integrin α-subunits, α3 is synthesized as a precursor of ~150 kDa. After association with β1, the α3β1 heterodimer is transported to the Golgi network where the α3 precursor is cleaved into a heavy (~115 kDa) and a light chain (~35 kDa), and the mature α3β1 translocates to the plasma membrane (31, 32) . Although protein expression of precursor α3 S433P was detected, it was considerably reduced as compared to that of α3 wt . Furthermore, the mature product was completely absent, as evidenced by the lack of the α3 light chain ( Figure 4D ). Flow cytometry confirmed that α3 S433P was not expressed at the cell-surface ( Figure  4E ). Presumably, the mutation disrupts the folding of the α3 precursor, thereby preventing α/β heterodimerization, transport to the Golgi, and to the plasma membrane. The low expression of the Studying epidermal adhesion in vivo precursor is likely due to the endoplasmic reticulum-associated degradation pathway, which clears misfolded proteins. Thus, the S433P mutation is a true loss-of-function mutation. Consequently, the α3 S433P keratinocytes behaved as α3-deficient cells, as cell adhesion to human Ln-511 was decreased by the α6-blocking antibody GoH3 in MKα3 -and MKα3
S433P
, but not in MKα3 wt cells, indicating that α6 integrins mediate adhesion to Ln-511 in the absence of α3. In contrast, adhesion to Col-1 was not affected by GoH3 ( Figure  4F ). GoH3 also reduced cell spreading of MKα3 -and MKα3 S433P cells but not of MKα3 + cells, both on Ln-511 and to a lesser extent also on Col-I, which is due to cell spreading on deposits of endogenous Ln-332 as we have described previously ( Figures 4G,S3) (10) .
We then investigated the epidermal defects in bdf/itga3 embryos by electron microscopy. Similar to in rof/kindlin-1 mutants, gaps were observed between basal epidermal cells, in addition to blisters at the basal side ( Figure 4H ). Confocal microscopy confirmed that also in bdf/itga3 mutants, E-cadherin and β-catenin were diffusely distributed, with a large fraction seemingly localized in vesicles ( Figure 4I ).
It is well-established that integrin α3β1 localizes basolaterally in epithelia such as the epidermis and in epithelial cells in vitro, and a number of studies have shown that α3β1 can promote cell-cell adhesion (33) (34) (35) . However, it is unclear whether this is a direct effect. Importantly, a mutation in lama5, the gene encoding the α5 chain of Ln-511, also causes both cellmatrix and cell-cell adhesion defects in zebrafish (26) . Furthermore, knockdown of either Ln-511 or α3 expression disrupts cell-cell contacts in vitro (36). The cell-cell contact defects observed in rof/kindlin-1 and bdf/itga3 mutants are therefore probably an indirect consequence of reduced cell-matrix adhesion. It should be noted that cell-cell contact defects have not been observed in newborn mice lacking α3 in the epidermis, and that newborn kindlin-1-deficient mice develop skin atrophy, but no noticeable skin fragility or blistering (10, 37) . This is probably due to the fact that compared to zebrafish embryos, mice hardly encounter mechanical stress during embryonic development, and kindlin-1-deficient mice die before stress-induced skin defects can develop in neonatal life. Nevertheless, the clear defects in E-cadherin localization in the basal epidermis of KS patients indicate that the rof/kindlin-1 mutant is a suitable model for KS, and that defects in cell-cell contacts represent a hitherto unrecognized feature of KS.
fin rupturing in rof/kindlin-1 mutants is induced by mechanical trauma, and is rescued by expression of Kindlin-2 To investigate whether the epidermal fragility and fin rupturing observed in rof/ Black arrows mark the sites of cell-cell contact, arrowheads mark the basement membrane, asterisks mark defects in cell-matrix and cell-cell contacts. e, epidermis; ecm, extracellular matrix; pe, periderm; be, basal epidermis; a, actinotrichia. (B) Whole-mount immuno-staining of E-cadherin in wild-type (left) and rof/ kindlin-1 (right) mutant embryos at 6 dpf. (C) Labeling of F-actin (green) and p63 (red) in basal epidermis and periderm of wild-type and rof/kindlin-1 mutant embryos at 6 dpf. . (F) Adhesion to Ln-511 and Col-1 in the absence (black bars) or the presence (white bars) of GoH3 (10 mg/ml). Values represent the averages of 3 independent experiments. (G) Cell spreading over Ln-511 and Col-1 in the absence (black bars) or the presence (white bars) of GoH3 (10 mg/ml). Values represent the averages from ~500 cells. (H) Electron microscopy of bdf/itga3 mutant embryo at 2 dpf. Arrows, cell-cell defects; asterisks, cell-matrix defects. ecm, extracellular matrix; pe, periderm; be, basal epidermis. (I) E-cadherin and β-catenin distribution in the basal epidermis of wild-type and bdf/itga3 embryos at 6 dpf. Statistically significant differences (unpaired t-test) are indicated by * (p<0.05), ** (p<0.01), or *** (p<0.005). ns, not significant. Studying epidermal adhesion in vivo 6 kindlin-1 mutants are indeed induced by mechanical trauma, we raised rof/ kindlin-1 embryos in 1% methyl-cellulose supplemented with 0.001% tricaine, which restricts movement of the embryos and prevents direct contact with the culture dish. A significant reduction of fin rupturing was observed at 3 dpf and 6 dpf compared to untreated rof/kindlin-1 embryos, indicating that the defects are indeed induced by mechanical trauma (Figures 5A,B) .
Studying epidermal adhesion in vivo
To determine whether overexpression of Kindlin-2 can compensate for the loss of Kindlin-1 during embryonic development, kindlin-2 RNA was injected in rof/ kindlin-1 embryos. Intriguingly, expression of zebrafish Kindlin-2 or human kindlin-2 completely rescued the fin defects of rof/kindlin-1 mutants ( Figure 5C ; Table  S2 ). Although functional redundancy of kindlin-1 and kindlin-2 has been shown in cultured keratinocytes, they also seem to have unique functions, both in vitro but particularly in vivo, since kindlin-2 expression in the intestinal epithelium cannot rescue the intestinal defects in kindlin-1-deficient mice, and KS patients develop defects despite the presence of kindlin-2 in the epidermis (37-39). It is assumed that functional differences in vivo arise at least in part from the differential distribution of the kindlins in epithelia; whereas kindlin-1 is predominantly localized in the basal layer of the epidermis at the interface with the BM, kindlin-2 is enriched at the lateral membranes in the basal as well as the suprabasal layers (40). The observed redundancy of Kindlin-1 and Kindlin-2 in zebrafish embryos may indicate that both kindlins fulfill similar roles during early development whereas they acquire unique functions later. Alternatively, the kindlins may function similarly in a one-cell layered epithelium such as the zebrafish embryonic epidermis, whereas their functions are distinct in a fully differentiated multi-layered epithelium as in mammals.
Kindlin-1 and IlK act synergistically with Integrin α3β1 but not with each other We have previously described a nonsense mutation in ilk, the gene encoding Ilk in zebrafish, which was designated lostcontact (loc) because it causes skin blistering (41,42). Compared to rof/kindlin-1 and bdf/itga3 mutants, the phenotype of loc/ilk embryos is slightly different; fin rupturing is less pronounced and blisters develop at the tip of the tail, suggesting that the functions of Ilk do not completely overlap with those of Kindlin-1 and Integrin α3β1 ( Figure S4 ). To study genetic interactions between ilk and kindlin-1, we intercrossed heterozygous loc/ilk with rof/kindlin-1 mutants. Compared to single homozygous mutants, compound homozygous mutants displayed more severe epidermal fragility and rupturing of the medial fins whereas compound heterozygotes were indistinguishable from wildtype embryos, suggesting that Ilk and Kindlin-1 act in a parallel fashion rather than synergistically (Figures 6A-D) . However, a potential genetic interaction between ilk and kindlin-1 in the compound heterozygous embryos could be masked by dosage compensation. Therefore, synergistic interaction experiments were performed by co-injecting suboptimal doses of morpholinos directed against ilk, kindlin-1, or itga3 in wild-type embryos. We first determined the suboptimal dose for each morpholino, at which no epider- mal defects occur (Figures 6E-G ; Table  S3 ). Co-injection of suboptimal doses of morpholinos against itga3 and kindlin-1, or against itga3 and ilk resulted in fin rupturing, revealing that Integrin α3β1 acts synergistically with both Kindlin-1 and Ilk (Figures 6H,I ; Table S3 ). The defects were rescued by co-injection of the itga3/kindlin-1 morpholinos with kindlin-1 RNA, and the itga3/ilk morpholinos with ilk RNA, respectively (Figure 6J,K; Table S3 ). Intriguingly, co-injection Studying epidermal adhesion in vivo of suboptimal doses of ilk/kindlin-1 morpholinos did not cause epidermal defects, suggesting that Ilk and Kindlin-1 do not act synergistically but in parallel ( Figure  6L ; Table S3 ). Experiments using the kindlin-1 ATG-morpholino, an itga3 ATGmorpholino, or an ilk splice-site morpholino yielded similar results (Table S3) .
Although ILK can directly bind to β1, previous studies indicate that kindlin-2 binds ILK and is required for targeting ILK to FAs (43). Furthermore, UNC-112, the kindlin homologue in C. elegans, recruits ILK to sites of muscle attachment (44). It is possible that ILK interacts only with kindlin-2 but not with kindlin-1, or that interaction between ILK and kindlins occurs in a tissue-specific manner, e.g. ILK and kindlin-2 interaction in muscle. This hypothesis is underlined by the similar phenotypes caused by loss-of-function mutations in ilk or kindlin-2 in zebrafish; both develop defects in cardiac and skeletal muscles (41,42,45,46). 
MateRIals anD MetHoDs antibodies and other materials
Antibodies used in this study were directed against human α3A ( J143; hybridoma from American Type Culture Collection, and a home-made antibody (47), β-catenin (BD bioscience), E-cadherin (BD bioscience), Ln-332 (a kind gift from Dr. T. Sasaki), and p63 (Santa Cruz Biotechnology). TRITC-, FITC-, and Cy5-conjugated secondary antibodies, phalloidin, and DAPI were purchased from Molecular Probes (Eugene, OR), HRP-conjugated secondary antibodies were from Amersham, and Col-I was from Vitrogen (Nutacon, Leimuiden, The Netherlands). Ln-511 was acquired from BioLamina AB (Sweden).
Zebrafish strains and forward genetic screening
Fish were raised and maintained under standard laboratory conditions. Fish experiments were performed in accordance with institutional guidelines and as approved by the Animal Experimentation Committee of the Royal Netherlands Academy of Arts and Sciences. The rof/ kindlin-1 mutant was identified during a forward genetic screen performed at the Hubrecht Institute, Utrecht, The Netherlands. ENU mutagenesis was performed as previously described for the creation of the Hubrecht Institute target selected mutagenesis library (483). F1 progeny of mutagenised males were outcrossed to create approximately 300 F2 families, which were then incrossed. F3 progeny were screened for epidermal integrity defects at 2 to 3 dpf. Meiotic mapping of the rof/kindlin-1 mutation was performed using standard simple sequence length polymorphisms (SSLP). SSLP primers sequences can be found on www.ensembl. org. Genotyping PCR and subsequent sequencing of the kindlin-1 g1693t mutation on finclip DNA or DNA of single embryos was performed with the following primers: 5'-aacttgcctagttaacctttaagtc-3' (f) and 5'-acaaagtctaacgcgacctc-3' (r).
Methylcellulose treatment and fin outgrowth measurements
Embryos were cultured from 2 dpf onwards in 1% methylcellulose solution and 0.001% tricaine. The medial fins were imaged with a Leica stereo microscope. Measuring the average fin outgrowth was performed using ImageJ at 4 different positions as indicated in Fig 1B. Rna and morpholino injections RNA and morpholino (MO) solutions (~1 nl) were injected at the one-cell stage. MO's were obtained from Gene Tools (Philomath, OR). The following MO's were used: kindlin-1 splice-MO: cttctaatgtctgtaaacagagtta and ATG-MO: gccgaggccatgattctgcctgaaa; ilk splice-MO (41), and itga3 splice-MO and ATG-MO (23).
In situ hybridisation, cDna constructs and Rna synthesis Whole-mount in situ hybridization (ISH) was performed essentially as described previously (49). Briefly, embryos were fixed with 4% PFA/PBS and stored in 100% methanol. After ISH, embryos were cleared in methanol and mounted in benzylbenzoate/benzylalcohol (2:1 v/v). The following primers were used to produce the kindlin-1 cDNA fragment: 5'-tttaaactgcgggtcaaag-3' (f); 5'-cgtaccacagactggtggag-3' (r). Fragments were cloned into the pCRII-TOPO vector (Invitrogen) and antisense diglabelled probes were synthesised according to standard protocols. Full-length zebrafish kindlin-1 and kindlin-2 cDNA were derived by PCR on cDNA using primers 5'-gaattccaccatggcctcggccggtgaacat-3' (f); and 5'-ctcgagtcagtcttgtcctcctgtgag-3' (r); or 5'-ggatccaccatggcgctggacggtata-3' (f); and 5'-gaattcttaaacccagccgctggtca-3' (r), and cloned into the PCS2+ vector with EcoR1/ Xho1 and BamH1/EcoR1, respectively. Mutations were introduced in cDNA using the QuickChange kit (Stratagene). Full-length RNA was synthesized in vitro using the SP6 mMessage mMachine kit (Ambion).
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Patient material, cell culture, cloning, and retroviral transduction Skin cryosections from KS patients and an unaffected individual were obtained after informed consent. The S433P mutation was generated by PCR overlap extension method using a cDNA encoding human full-length α3A as a template. Wild-type ITGA3 was isolated by digestion with SacI and ligated into pUC18-a3. After digestion with SphI, wild-type or mutant ITGA3 was ligated into LZRS-IRES-zeo and transfected into Phoenix packaging cells using the Calcium Phosphate method. Virus-containing supernatant was isolated after 48 hrs and stable expression in α3-deficient MKα3 -cells was achieved by retroviral transduction, followed by selection with 200 μg/ml zeocin (Sigma-Aldrich). All cells were maintained at 37°C and 5% CO 2 and cultured routinely on Col-1 (3 mg/ml) in keratinocyte serum-free medium (K-SFM; Gibco BRL), supplemented with 50 μg/ ml bovine pituitary extract, 5 ng/ml epidermal growth factor, 100 U/ml penicillin and 100 U/ml streptomycin. flow cytometry and microscopy For flow cytometry, cultured cells were trypsinized, washed twice in PBS containing 2% FCS, and incubated with primary antibodies for 45 min at 4°C. Cells were then washed twice in 2% FCS/PBS, incubated with appropriate secondary antibodies for 45 min at 4°C, washed twice in 2% FCS/PBS, and analyzed on a FACS Calibur (BD Biosciences). Alternatively, the cells were sorted on a MoFlo High Speed Cell Sorter (Beckman Coulter).
For confocal microscopy, wholemounts of zebrafish, cryosections of human skin or cells cultured on coverslips were prepared essentially as described previously (10) , and images were acquired on an inverted confocal microscope (Leica AOBS) using 20x (NA 0.7) dry, 40x (NA 1.25) oil, and 63x (NA 1.32) oil objectives (Leica). Images were processed using Photoshop 7.0 and ImageJ 1.44. Phase-contrast images were acquired on a Zeiss microscope (Axiovert 25) at 10x (NA 0.25) or 20x (NA 0.3) magnification, using a Zeiss CCD camera (Axiocam MRC) and Zeiss Mr. Grab 1.0 software. Electron microscopy was performed essentially as described earlier (10) .
adhesion and cell spreading assays
For adhesion assays, 96-well plates were coated with 2% BSA, 3 mg/ml Col-1, or 5 mg/ml Ln-511 for 1 hr at 37°C. The plates were then washed twice with PBS, blocked with 2% BSA for 1 hr at 37°C, and washed twice with PBS before use. Subconfluent cells were trypsinized, resuspended in K-SFM and seeded at a density of 3x10 4 Cell lysates were cleared by centrifugation at 13,000xg, heated at 95ºC in SDS sample buffer (50 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 1% β-mercaptoethanol, 12.5 mM EDTA, 0.02 % bromophenol blue), and proteins were resolved by SDS-PAGE, after which they were transferred to polyvinylidene difluoride membranes (Millipore) and analyzed by Western blotting followed by ECL using the SuperSignal system (Pierce Chemical Co.).
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